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============

One of the main challenges in optical imaging is enabling a high spatiotemporal resolution while providing an efficient light distribution across the samples. Whereas the finite numerical aperture (NA) of lenses imposes a limit on the achievable spatial resolution, the geometry that is used to illuminate and collect light from a sample balances the light distribution efficiency. Standard wide-field microscopes, for example, employ a collimated beam of light to illuminate a sample in either reflection (epi) or transmission mode. This results in a poor contrast due to the amount of out-of-focus light distributed across a sample and collected by the system. In scanning confocal microscopy, this problem has been overcome by the optical sectioning capability enabled by the use of spatial filters (e.g. pinholes) placed at the object conjugate plane whose size matches the one defined by the system point spread function (PSF)^[@CR1]^. Nevertheless, besides a relatively low temporal resolution, confocal schemes involve extended out-of-focus volumes within the sample to be fully illuminated, in turn potentially inducing sample photodamage.

An efficient method to perform rapid volumetric imaging with minimal sample exposure is given by light sheet microscopy^[@CR2]--[@CR5]^. This method involves a dark-field arrangement with two orthogonal objective lenses that separately perform the excitation and the detection of the sample fluorescence signal. In particular, the sample is illuminated with a thin sheet of light and the emitted fluorescence signal is collected along the axis perpendicular (right angle) to the plane of illumination, thus providing a transverse and axial resolution given by the product of the illumination and collection PSFs^[@CR6]--[@CR8]^. Light-sheet microscopy is particularly suited for imaging deep in semi-transparent tissues^[@CR9]--[@CR11]^ and whole organisms^[@CR12]^ at high acquisition rates. Moreover, a sub-diffraction spatial resolution of up to 150 nm has been recently demonstrated using structured illumination^[@CR13]^. Given the high collection efficiency and the improved photon balance within the samples, specimen photobleaching and phototoxicity^[@CR14]^ are minimized compared to wide-field or confocal microscopy.

A major limitation in light sheet microscopy is given by the rapid divergence of the light sheet illumination when focusing conventional Gaussian beams. In fact, Gaussian beams are subject to diffraction, which limits the achievable field of view and leads to image artefacts across the edges. To overcome this limit, diffraction-free beams, such as Bessel beams^[@CR15]^ and Airy beams^[@CR16]^, have seen extensive use in light sheet microscopy^[@CR17],[@CR18]^. In particular, experiments with Bessel beams have shown improvements in the imaging contrast, the field of view and the penetration dept when compared with Gaussian beams^[@CR19]^, both using linear and nonlinear excitation^[@CR20]--[@CR22]^. These beams can generate a non-diverging sheet of light, but this comes at the cost of a considerable amount of background light that spreads out of the object plane. Bessel beams are indeed characterized by a propagation invariant intensity distribution described by a Bessel function of the first kind and zero-th order, which is composed of a central peak of high intensity followed by high-energy side lobes that significantly affect the imaging contrast and increase sample phototoxicity^[@CR23]^. Attempts to limit the effect of the beam tails, in turn providing an improved optical sectioning in light sheet microscopy have been made using extended focusing^[@CR24]^, tiling methods^[@CR25],[@CR26]^ or the use of a physical spatial filter provided by galvo mirrors^[@CR27]^, but these involve a longer data acquisition time due to the scan requirement along the field of view or require complex synchronizations between the camera rolling shutter and the scanning beam^[@CR28]^. Other attempts to reduce the high-energy side lobes have been made using multiple slits in a 2D arrangement^[@CR29]^. However, such beams are pseudodiffracting and involve an increase in the beam waist along the propagation axis.

In this Letter, we demonstrate a diffraction-free light droplet illumination that manifests cancellation of the high energy Bessel side lobes, thus providing a more efficient light distribution for light sheet microscopy. Light droplets are recently demonstrated nondiffracting beams of light of finite depth of focus that are obtained interfering multiple co-axial Bessel beams^[@CR30]^. Miniaturized and superimposed Bessel beams have been further proposed using volume holography^[@CR31],[@CR32]^, have seen use as highly effective optical traps^[@CR33]^, optical twezeers^[@CR34]^ and material processing^[@CR35],[@CR36]^. Similarly to these approaches, our method exploits interference of a set of plane waves whose k-vectors lie on two different co-axial cones. In particular, to theoretically study the phenomenon, we perform the Fourier transform of two concentric annular sources whose aspect ratio provides the maximum confinement of light along the main peak while cancelling the unwanted side lobes through a selective destructive interference. In a standard light sheet fluorescence microscope, our droplet illumination is demonstrated to significantly reduce the undesired out-of-focus light contribution with respect to that given by standard Bessel and Airy beams, resulting in an enhanced imaging contrast.

Figure [1a](#Fig1){ref-type="fig"} shows a schematic of the optical setup. The wavefront of an expanded collimated laser beam (*λ* = 532 nm) was modulated by a spatial light modulator (SLM, Holoeye LC2012) that operated in amplitude mode by an appropriate rotation of the input linear polarization, which was set at 45° with respect to the $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{y}$$\end{document}$ axis using the *λ/*2 waveplate. A linear polarizer was placed after the SLM with the axis parallel to the *y* direction. The amplitude masks displayed by the SLM (Fig. [1b,c](#Fig1){ref-type="fig"}) consisted of concentric annular distributions of fixed outer radius (*r*1) of thickness *dr* = 180 μm and varying inner radius (*r*2). An objective lens (Olympus Plan N 10X) of NA = 0.25 was used to perform a Fourier transform of the modulated annular fields and to generate the light droplet illumination. The fluorescent signal from the sample was collected by a second objective lens (Zeiss LD A-Plan 20x Ph1 M27) of NA = 0.35 and a tube lens (Thorlabs TTL200). A bandpass filter (Thorlabs FELH0550) was used to select only the fluorescent signal, which was detected by a CCD camera (Photometrics CoolSNAP HQ2).Figure 1(**a**) Generation of the droplet illumination in a light sheet imaging system. The amplitude of an expanded laser beam was modulated by an SLM and focused by an objective lens (O~ill~) of NA = 0.25. Fluorescence light from a test sample was collected by a second orthogonal objective lens (O~col~) of NA = 0.35 and a tube lens L3. A CCD camera was used to acquire the image by integrating the fluorescence signal emitted during a $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{y}$$\end{document}$ scan. L~i~ lenses; λ/2 half-wave plate; P linear polarizer; F bandpass filter. (**b**,**c**) To generate the droplet illumination, a set of amplitude binary masks composed of two concentric rings of inner and outer radii, r2 and r1 respectively, and thickness dr were displayed by the SLM.
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Figure [2a](#Fig2){ref-type="fig"} shows the theoretical and measured optical power and the FWHM of the droplet side lobes along the propagation axes. The first quantity has been evaluated as the total amount of power distributed along the droplet beam side lobes and compared with the side lobes power of an equivalent (same peak intensity) Bessel beam measured using the same procedure. The ratios P/P~B~ has been computed for each value of the ratio *r*2*/r*1 both theoretically (we use Eq. [2](#Equ2){ref-type=""} with z = 0 both for P and P~B~) and experimentally. The chart also reports the FWHM of the droplet beam along its propagation axis (green squares). The values are normalized with respect to the FWHM of the Gaussian beam with the same waist. A comprehensive plot of the side lobe power along one axial period of the droplet beam can be found in Suppl. Fig. [S1](#MOESM1){ref-type="media"}. Experimental data was obtained varying the radius *r*2 of the inner annulus on the SLM and detecting the resulting field distribution after Fourier transform. For *r*2*/r*1 close to 1, the droplet beam profile is similar to a standard Bessel beam and the power ratio approaches to 1. On the other hand, when *r*2*/r*1 → 0 this ratio diverges because it corresponds to the superimposition of a Bessel beam with a plane wave. Interestingly, in the region where *r*2*/r*1 is between 0.4 and 0.8, the power in the side lobes is significantly reduced with respect to that of a Bessel beam. The minimum was found to be at *r*2*/r*1 = 0.57, which corresponds to a theoretical 62% reduction of the off-axis light distribution with respect to the ideal Bessel beam. It is also notable that the amount of side lobe light within the range *r*2/*r*1 → (0.4--0.8) remains considerably lower with respect to the standard Bessel beam, allowing flexibility in the choice of the optimal aspect ratio for light sheet illumination. For example, a droplet beam with *r*2*/r*1 ∼ 0.8 that is 5 times longer than a Gaussian beam would give about 40% reduction in the side lobe intensity with respect to the Bessel beam.Figure 2(**a**) Plot of the ratio between the optical power (for *z* = 0) distributed across the droplet side lobes with respect to the Bessel lobe power as a function of the ratio *r*~2~*/r*~1~. The solid line is the theoretical prediction while red dots are experimental data. A plot of the ratio between the axial FWHM of the droplet beam and the Gaussian beam as a function of the ratio *r*~2~*/r*~1~ is reported in the same graph. Top-view (*xz* plane) (**b**) and radial (**c**) intensity profiles of a Gaussian, an ideal Bessel beam ($\documentclass[12pt]{minimal}
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                \begin{document}$$\epsilon =0.78$$\end{document}$) of comparable axial FWHM to that of the droplet beam as a function of the number of Rayleigh lengths and for an equal NA. For *r*~2~/*r*~1~ \~ 0.57, the light distributed across the droplet side lobes is about 62% and 48% lower than that of an ideal and a short Bessel beam respectively. Associated beam amplitude masks (inset).

Figure [2b](#Fig2){ref-type="fig"} compares the theoretical 2D intensity distribution (*xz* plane) given by a standard Gaussian beam, an ideal Bessel beam ($\documentclass[12pt]{minimal}
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                \begin{document}$$\epsilon $$\end{document}$ = *r*~*out*~*/r*~in~ is a measure of the annulus thickness^[@CR39]^) and a single droplet beam obtained with the optimal aspect ratio (*r*2*/r*1 = 0.57). The intensity distribution of a short Bessel beam obtained with a thicker annulus ($\documentclass[12pt]{minimal}
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                \begin{document}$$\epsilon $$\end{document}$ ∼ 0.78) of equal axial FWHM to that of the droplet beam is also reported for comparison. The associated radial intensity profiles are plotted in 2c. A full reconstruction of the droplet intensity profiles for *r*2*/r*1 ranging between 0.1 and 1 can be found in Suppl. Video [1](#MOESM2){ref-type="media"}. Unlike the diverging Gaussian beam, the Bessel beam manifests an invariant transverse profile along the propagation axis $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{z}$$\end{document}$. Nevertheless, half of its total energy is distributed along the side lobes. By contrast, our droplet beam maintains an extended depth of focus, ∼2.6 times greater than the one given by the Gaussian beam, but provides a significantly enhanced energy confinement across the central peak without loss in transverse resolution. It needs to be noted that the droplet illumination presents multiple peaks of both equal size and intensity distribution along the z-axis as a consequence of the two co-axial Bessel interference, as previously demonstrated^[@CR30]^. In this article, we considered the case of a single droplet peak whose axial extend and side lobe intensity can be tuned by changing the ratio between the two annulus radii.

Figure [3a](#Fig3){ref-type="fig"} shows the measured intensity profiles for both a standard Bessel (top) and a droplet beam (bottom). While the Bessel beam was obtained by Fourier transform of a single annular aperture (*r*1 = 1.7 mm diameter and 150 *µ*m width) displayed on the SLM, the illustrated droplet beam resulted from the Fourier transform of two annuli in the case of *r*2*/r*1 = 0.57, where *r*1 was maintained equal and the amplitude normalized to that of the reference Bessel beam. The associated normalized radial intensity profiles for both beams are illustrated in Fig. [3b](#Fig3){ref-type="fig"}. Both profiles show a central peak of comparable width. Nevertheless, the droplet beam manifests significantly lower side lobes as a result of the selective destructive interference of two fields of slightly different k-vectors. Integrating the intensity along the radial distribution of the normalized Bessel and droplet beams, we found an overall 57.9% reduction in the side lobes intensity, whilst the intensity of the first side lobes decreased by 88%.Figure 3(**a**) Representative Bessel beam obtained with a single ring of radius *r*~1~ (top) and droplet beam with a ratio of *r*2*/r*1 = 0.57 (bottom). (**b**) Measured radial intensity profile of the two beams along the dashed line together with the theoretical prediction (green line). The power distributed across the side lobes of the Bessel beam is suppressed by more than \~50% in the case of the droplet beam.

The enhanced imaging capability offered by the droplet illumination was demonstrated in a standard light sheet microscope on a fluorescent specimen (Fig. [1a](#Fig1){ref-type="fig"}). This was composed of fluorescent spheres with diameters ranging between 5 and 20 *µ*m embedded in a fixed gel mounted on a glass cuvette. Figure [4](#Fig4){ref-type="fig"} shows the images in a log and a linear scale obtained with a standard Bessel beam (Fig. [4a,c](#Fig4){ref-type="fig"}) and the droplet illumination (Fig. [4b,d](#Fig4){ref-type="fig"}). The images were acquired by scanning the sample along the $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{y}$$\end{document}$ direction and integrating the emitted fluorescent signal acquired by the CCD camera. The image obtained using a conventional Bessel beam illumination appears with a significant background across the field of view as a consequence of the out-of-focus-light given by the side lobes that is collected by the system. In turn, the associated image obtained using the droplet illumination has a visibly reduced background, the result of the side lobes suppression capability of these beams. Figure [4e](#Fig4){ref-type="fig"} illustrates a line profile along a sphere captured across the image field of view, which emphasizes the enhanced contrast provided by the droplet illumination. To give a measure of the background reduction, Fig. [4f](#Fig4){ref-type="fig"} illustrates the ratio between the frames obtained with the Bessel and the droplet illuminations. This ratio is close to 1 near the fluorescent spheres and increases elsewhere, indicating an averaged two-fold reduction of the background illumination.Figure 4Fluorescence images in both log (**a**,**b**) and linear (**c**,**d**) scales of embedded micron-sized beads obtained with a Bessel beam (**a**,**c**) and a droplet beam illumination (**b**,**d**) in a light sheet microscope. The intensity profiles (**e**) along the dashed line show a two-fold reduction in the background light given by the droplet illumination as a result of the suppression of the out-of-focus side lobes. Scale bar is 10 *µ*m. (**f**) Map the intensity ratio between the images obtained with Bessel and droplet illumination.

In summary, we demonstrated that the unwanted high-energy side lobes present in common diffractionless optical beams can be effectively suppressed by more than 50% superimposing two co-axial Bessel beams of slightly different k-vectors. The resulting light droplet illumination provides an improved and more efficient energy distribution along the beam profile. While Bessel beams give a theoretically infinite axial extent but present high-energy side lobes, Gaussian beams ideally provide no side lobes but are limited by a shorter depth of focus. In turn, the droplet illumination provides a tradeoff solution consisting of a beam that has a longer depth of focus compared to the Gaussian beam and has significantly lower side lobes than those given by a Bessel beam.

In light sheet fluorescence microscopy, our light droplet illumination results in an increased imaging contrast without affecting the spatiotemporal resolution offered by standard Gaussian or Bessel beam illuminations. Moreover, the droplet illumination can be directly combined with the existing methods to achieve rapid image acquisition, such as roller shutter^[@CR28]^, and further implemented in the nonlinear regime, where an even better energy confinement can be achieved across the central peak, but this at the cost of an increased risk of sample photodamage and a typically lower spatial resolution. Given the improved energy confinement, the droplet illumination can further limit both photobleaching and phototoxicity of the fluorescent molecules that induce sample degradation. As such, our findings pave the way to rapid, high-contrast volume imaging of cells and tissues, heralding novel *in-vivo* biomedical applications.
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=======

Sample preparation {#Sec3}
------------------

Fluorescent beads (Neon Nights) are suspended in ultra pure water at a concentration of 10 *µ*l/ml by vigorous pipetting. Gelatin (Sigma, Type A, 300 bloom) is added to the suspension of beads at a concentration of 40 mg/ml and kept at 37 °C in a water bath until complete solubilisation. The beads/gelatin solution is then transferred in a glass cuvette and kept at 4 °C for 2 h to induce the formation of a physical gel of gelatin.

Electronic supplementary material
=================================

 {#Sec4}

Supplementary Figure 1 Video 1

**Publisher's note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Electronic supplementary material
=================================

**Supplementary information** accompanies this paper at 10.1038/s41598-018-35006-1.

G.A. perceived the experiment. G.D. acquired and processed the data. C.C. contributed to the sample preparation. E.D. and G.R. participated in the interpretation of results. All authors contributed to the paper writing.

Competing Interests {#FPar1}
===================

The authors declare no competing interests.
